O aCe GROUNDING BANKS 


fon nee: be team ho tay soe, DETERMINING THE REQUIRED CAPACITY 2 eo eee fae oe tes Ye rk we EI 
1 eK aN fio. Fos an Fs. ae Sh OS | rh tte 2 al al Thee Sak te 
Roane loa ; ; By : _% 

L& Le Le Stahler as “ 


qiaride Power & Light Company 


tes aft ‘ a 
yl? Pe _ Miami, Florida g HE Se eee 


Fall Conference - Engineering & piers tion Section 
Southeastern Electric Exchange, Tutwiler Hoven Le Ala. 
oar perce: sty uM 


Grounding banks are used to establish a neutral on 4 _ 

delta system permitting the use of distribution transformers with 

’ a lower primary voltage and to supply prom curr out for relaying 
sige ode to ground faults. ‘ 


eS iiss rn system neutral may be established by the use of an Py oes Laie ats 
a gate ‘transformer with a delta tertiary winding, ‘by the use ‘of a ae Sekt iss 
-wye-wye ‘transformer with delta tertiary winding, by the use of a = 
“‘gigzag auto transformer or by the use of three single phase trans~ 
fompene connected wye-delta. - 
ey > ' This discussion refers apectfiéelly ‘to the use of three Parentage 
‘ sh single phase transformers as a grounding bank although the data. ae 
alee are ec ara a8 other types of Coane former: ve 


ate. 
‘ty 


Newel sia oi. tet os ee ‘The ruin sanenye in installing erounding pane a rio ; 
a use a bank having 33-1/3% of the kva capacity of the substation. 
“y This, _practice results in grounding banks of ,unnecessarily large .. 
“capacity. In view. of ‘the present shortage of equipment ‘it might ~ 
‘ube advisable to investigate all existing grounding ‘bank installe~ 
‘sctions as many of them could be replaced with banks. of ae 

capaci ty grey Feleaging much neces equipment. iy Be 


‘In determining the biaeuen ey required ina primate bene 
‘three factors must be ‘considered. These factors are: first, the * 
maximum amount of unbelanced kva load which may be “imposed ‘on the,”® 
‘bank ‘for long” periods of time; second, the maximum phase to ground | 
“fale iva Which my be imposed on the bank for relatively ‘short | 
periods ' ‘of time and third, the maximum rise above normal’ phase $e, 
* pround potential “which ‘may occur on the unfaulted phases during & 
phase to ground fault. Before discussing these limiting factors 
“at would be well to. briefly discuss the action of a grounding bank. 
This can \ best be, 


: Refer to Pigs | y which shows ieee. the conns ctions 
“used ina wye primary = delta secondary grouding bank.” No fuses © 
-are installed in the ‘primary - ‘leads of the transformer since these 

ransformers may .be ,Bubjected to a ‘momentary ‘oad ‘equal | ‘to many : 
imes’ their, rated ° capacity and any fuse which would ‘not blow.und 
: ‘these. momentary ‘loads would at tore no Protection to ‘the “transformer 


inthe om ie 


“The secondary is connacted delta and normally serves no lead. “The ~~ 
secondery of a grounding bank could be utilized to serve a load if 
it had excess capacity over and above that required in its normal 
function as a grounding bank. Generally speaking, the serving of 
load from a grounding bank can not be recommended since it ‘would 
complicate relaying of the circuit under ground faults. With 
balanced voltage between phases and with balanced three phase load 
on the line no current flows in the grounding bank except that re- 
quired to magnetize the transformerss ¥ 


A primary phase to neutral feult near the grounding bank’ 
approaches very closely to the condition which would exist if the | 
primary leads of one transformer in the grounding bank were shorted. 
Under such conditions the impedance of the faulted phase drops to a 


' value approximating the short circuit impedance of the grounding 


bank transformer in that phase. ¥ 


; The resulting wbalanced voltege causes e circulating eae 

~ current in the delta secondary of the grounding bank. This eirou- © santa 
lating current ‘causes an induced voltage in the primary of the ' ree 
shorted grounding bank transformer which induced voltage causes 

current to flow between the faulted phase and neutral, the current 

being inversely proportional to the sum of the pa aca of uhe 

grounding bank and the faulted line pects ous: ff 


Fig. 2 slows the current flow in a Dea tee bank and in = 
the distribution system under conditions of unbalanced load or phase i 
to neutral fault, The unbalanced load or fault current is taken as . 
3I and each arrow in Fig. é qorresents I or four f.. ; For con~ . 


a _yonience, the eceaerawnere: in the grounding b bank are assumed te eo Ce Oe 
have a Sranbfornati on’ ratio of, A to 1. nist Se et fy Meena 


The aibalanioed rime fon. moutred load divides vial ‘dex 
tween the transformers of the grounding Pee feo geen One & 
carry Ang one third of the totals “7 


de. Groundin Bank Capacity Required to Save: ee a: ges ie Se ee eee, ie 
ast abetenged Loads on Bestrution Syston “ee 3 ay ee ee PRG Bikey 
‘the. distritaition of aoe tn he grounding bank, ‘upon 
.) Qcourrence of unbalance, (see Figs 2) is such that the bank must 

“have ‘three phase capacity for continuous load oe to the kva ‘of © 

maximum uabaianeed load. ; i ee 4 

es ~ ‘The Joad unbalance on a ‘distribution Siroudt may, under eee 

severe conditions, ‘reach a momentary value, equal to 25% of the cir=--° >.’ 
_cuit load. ‘The load unbalance on a sudstation feeding tro or more 
distribution olrouits will ee if Piers. exceed 15% of ths total 
substation oe x ; It Ss 
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“the aoeliental. ovening of either one or: “two (phase) oon- per tee! 
ductors of a distritution circuit may impose a load on the grounding 
bank equal to 33-1/3% of the phase to neutral load on the cirmit. 
This phase to neutral load includes all service supplied at single : 
' phase and ail three pheee service supplied from open ee ae trans~ rk 
. former banks. a, 2ty 


From the Parerolae it may be stated that a grounding bank 
should have a minimum capacity of not less than 15% of the total 
substation load and not less than 331/34 of the phase to neutral 
load on any one circuit served from the substation. | .. . 


2. Voltage Rise in Unfaulted Phases During 
Phase to Ground Faults 


The impedance of the grounding bank should be low enough 
to prevent excessive voltage rise on the unfaulted’ phases during a 
.. phase to ground fault. Fig. 3 shows the voltage rise which will 
“/. ogour on the unfaulted phases during phe se to o Sr oune fours with 
various grounding bank impedances « seen piss See 


The grounding benk- impedance ts, ) is expressed as a ratio...) | 
' to the positive sequence impedance (2, } SF the supply. system or 

ag where via is the Peas Requence s or three phase, aehtmne ot ode 
1 ~- ~ 

the system expressed in ‘terns of some convenient icra base. Zo is 


the zero sequence impedance of the distribution system ‘to’ the fault ~~“ 
- location. In the following discussion the fault is assumed to 
occur at the grounding bank bus under which condition 29 qos use 


only the: zero sequense gare of the grounding bank. a ae 


Pron Fig. 3 it is ‘seen “that a “grounding yank tpsanece 
“ equal to nine times the positive sequence impedance of the ae ed eho, 
will result in oyer-veltere on the amfaulted BSCE of 506. ' 
For nearly ‘all customer-owned equipment, rence -s 4 ; 
Jemps and motors, ‘a voltage rise of 50% ia -not objectionable “pro- -- oe 


“vided the fault is cleared within a very short time. It should be .” 
“, pointed out that the voltage rise shown on Fig. 3 is based on the’ . ~.% 


assumption that the phase to ground fault ocours at the substation = _ 
“;-bus. .-The voltage.rise will decrease rapidly as -the- distance | bem gS ek 
‘tween the substation bus and the gh Location aga eke in 


oa) A voltage rise of 506 abies norte. is about the Saas 
“permissible. value due to the 60 cycle discharge characteristics of . ~ 
the ty ae he arr eetere coment, eee on we pe tne aes Red Rett) = 


‘3 Self Protection of Ground ing Bank | eee 
aa nee “the cc watnees of. “the ao mdtne “transformer ony maee "bes ae 
such that the ground current will be limited to a value which. the | 
transformer can safely carry without damage during the time re~ 7m agg 
quired by the oil circit breaker to paced the earcuse ly 


whe , Ae 


ot, Car “Curve AS Pige 4.48 a short time loading -curve: ‘for dietei- «1 eve 
“bution transformers as shown it G.E, publication GET-1008. This’ ” iia Saas 
’ eurve is based on the assumption that the transformers are deenergized 

: following the overloaded conditions. This curve is not applicable . 

to grounding banks which are subjected to recurring loads under fault. 
conditions due to the reclosing of the oi1 circuit breaker. The oil 

circuit breaker will lupe close twice after oie initial opening 

before locking cute : ; 


Curves B and C, Fig. 4 are shor’ time loading curves for 
power transformers under conditions of recurrent icad. These curves 


“are based on data taken from Table 1, page 1355, Transactions AIEE 


27 station described 


1934, Vole 53 in a paper entitled “Overloading of Power Transformer e" 

and represents recommendations for incorporation into AIEE Standards 

Noe 100. When determining the capacity required in a grounding. 

bank the use of Curve B covering conditions of recurrent loads 

following no load is recommended. The use of Curve B rather than 

Curve C is justified since the possibility of a fault of maximun. 

magnitude occurring during the time the grounding bank is fully | + No 
loaded is very remote. Curve.B has a gafety, factor inasmuch a8 ok we eice hoot 
there is little possibility of a fault of maximm magnitude being ~ 7 
of two seconds duration. Relay and breaker action will normally 
limit faults of such ma gnitude to a duration of less than one 
second. fe ' 


4. Method of Res eae the capacity Rogitred ee 8 Se te ar ae 
in a Grounding Bank fy" “tt 


To illustrate the method of determining the ‘kva capacity 
required ina ground ne bank assume the. following A spear cam 


_A substation has a - positive, sequence impedance . (2, ), at - t. bigs ae 


‘e the distribution voltage bus, of 20% expressed in terms of a 20, 000 ; 
Iva ‘base. This substation serves a total load of 6000 kya divided 
between three distribution circuits or 2000 kva per oircuit. The 

* phase ‘to neutral load on each circuit is approximately 1500 kva. 

whee ‘acumeae! is odes ooh a ergund ing. Veer at this. Substation? , 


Bapsiott Re uixed for Continuous Load = = ae gee 


Tt Aa 


hs It has been said ‘that a Oe ounline Pant must have three Ei Rake Rh 
':. phase capacity for continuous load equal to the kva of maximum un~ ae "hres 
‘balanced load.” .It has also been said that the three ‘phase ‘capacity »...so8" 
of the grounding bank should be not less than 15% of the total load 

on the substation (when Serving ‘two or more cirmits) and not jess 

than. 33- -V/3h of. ‘the Phase “to neutral ‘load on ATTY one ) cirenite 


“phe firet’ limitation required’ <15 % 6000 or 900 Eva” capa- Ras pt 
city in the grounding bank while the second limitation requires Soh go HE Man aie a 
e333 x 1500 or 500 kva fe in the see bank at the sub- . 


5 


: = oo ots wits eat aety hs fae og ” id & Pe3. g% . sar rs ST 
OOS os oR sets . Awe me rats ee 'F co be Pee nd ! att te ier 


be “Ga pacity noguifed fog-chage tina Giaule toata’ 


If the maximum pheias to eoasae fault Teva is to "be Limited 

- to (N) times the grounding bank rating (see Fig. 4) the following — 

calculation shows the method of determining the kva capacity re- - 

-quired in the grounding bank, with transformers of various im- “- 
pedances, to limit the current to the desired value. The total | 
impedance, Zp (where Z,, 2, + Zo + % and 2, = Zp) necessary to 


Limit ‘the oe ares to (N} times’ the transformer rating age 
be equal to 200 00 percent using the three phase kya rating ‘of the 
grounding ee asa base. The value of N can be determined ‘from | 


Fig, 4, Curve Be If N is taken as 13 times the three phase kva 
rating of the grounding bank then Zp = 100% or Te 696% came 


“in | terms of the ground4 ing bank parecl ye. 
: Inthe ‘case under corisideration ti ‘systen positive Sens. sae 
Sh quence impedance (2, ) is ‘208 expressed to a 20,000 kva base. Con- ; SPARE ee 


- ‘ yerting this 20% Ret noe, to the unknowm kve (X) rating of the - 
grounding bank it becones 2,5 Riek ep): 
: zo, Tin 


w 


om ee per, cent 
a 


oo 


20) | r cent 
20, 05 es pe Ee 


Hh ge PaaS The Simpedanes” of cravat ommats which? are eee a 
eS“ ayvailable range from approximately 2.5% for distribation trans- 
formers to 10% for network transformers. The ‘common 4mpedance 

range for power transformers is from 5% to 7.5%. Since these 
: impedances are expressed to ‘the transformer kva as a base they — 
a _ May. be substituted for Zo aa expressing the — impedance ° of the 


Ear arc > grounding bank with an unimown re kva, base. Seo 


oar 


rere 300} Ee 


z then 2 + fe + By = le 65698 expressed 


2a. 


‘stated that the impedance of the grounding bank transformers may 
be substituted pace be for Zoe : ee the equation 


Zn = 2, 4 + 2, + Zo pad cubstituting the above velues using 
of as os it becores 


ane 7.696% = > ,002%% + 5g, Trans posing and solving for (X) the , 


unknown kya of” the prowling bank Meine 5 gmpedance fenelomer ‘ 
os tek oF 002K © 7.696945 * : Reem 
sy x= 7 6969-5 me 4 b, 
ooo amas oe 


X= 1348 kva 


_ For general use the above equation cen be -rewritten as 


or k= Tee = “0 shoe, we RE : pane a 


+ 


Lo is the , impedance of the » grounding bank transformers 


ein ‘the -kva base in ae of, Wich the supply system 


1 i8 the spe ee phcé secuenes de beaainse’ of the > supply eee 
; system pxpeased. in: ers cent of B GES ee eA si RS 


, N° ads maximum permissible kve oad: on the nae bank | 
ois) gs divided by the -kva ‘rating of the -bank. -The .value of N- 
NE ty hye May be varied, ne Sere, aan it ci Reet BS. 313 


- As ithe Mapodetiog “of ‘the ‘erounding bank transformers is in- 
ereteed the required kva capacity decreases. The following tabula— 
tion shows the grounding bank capacity Yequired, using various” |’ 

» transformer impedances, as well as other pertinent data when the 

pvelue OF as 13s 3% at 


PENS RRR F rouniine Bank Kva 
QZ of crs (X) Brce Required 
. Grounding Bank : i a 


pe 


pedance transformers can be used in the aren bank ag the ren 
ae lies kva capacity, aoe be increased.” gts ji 


i greater kva capa 
es grounding bank. 


a5, Determining the kve cect ite of: 
: “2. °% Smallest Permissible Groun ing Bank, 


‘low and the impedance es high as safety will permit. The minimum 


me FS 


“ Checking the ratios of Zof/24 shown ‘in the above ‘tabulation "”” 
against data shown in Fig. 3 it is found that the highest transformer 
impedence which can be used’ is less than 6.56 if the voltage to neu- 


- tral on the unfaulted phases is not to exceed 150% of normal during 
- Maximum phase to ground faults. - It should also be noted thet wm- 


balanced load limitations require a minimm grounding bank capacity - 


. of 20 kva as ateted under section 4 a.’ 


The “enous: statement ‘should not be dukerossead to mean thet 
transformers having an impedance greater than approximately 6.0% 


-¢ould not be used in the grounding bank umder consideration. It 


does mean that if it is desired to load the grounding bank to 13 
times rated capacity during mximm phase to ground faults, trans- 
forner having an impedance of stently less than 6.0% mist be used. 


If the value of W is taken as less than 13, higher im- 


‘ 


& The ae anes in the following: tabulation was calculated 


using 8 as the value of N: Sy EEE, *; Be OL pelted 


* Grounding Bank Kva 


“2 of (X) Capacity Becuired : % es Expressed 


“Grounding Bank to Limit Toad to 8° to Grounding Bank Kya . Ratio 


") fransformers “Times Rating p24 = oy) ene Z/ 21 
ike we 5 QO » ese 3075 | 
. 505 350 
£605 : te a, uti onbedeas rails B 0OO lice ga 2 
a vite pe MSN OFA ee eee? 075 Seats: 
eTe5 * = Br AS ES AE QO eee 
. 8.0 - 2025 
865 2.00 fe. 
» 920 L075 eS 
9.5 sf 1.50 
0.0 ; 2225 BS at te wae 3 
: ee bo goKs we hs siede 00, "410.5081 Had Sr: 


SO yd pes 


, The ‘date tabulated: ae tan that “by ‘Liniting ‘the 


te ing sce, maximm fault load to only eight times ita rating 10%,impe- . a 
“danos transformers can be ‘used without exceeding the allowable voltage 


of 150% normal on the unfaulted .phases during phase to ground faults. 
The .use.of such high impedance transformers will necessitate the use of 
will motores ancrease be ae oF Bau oetae 


+ Based on Fault Current Daly 3 ener 


ae When ss ie Se for a se g “pank it ‘will 
be Beaired, in the interest of economy, to keep the kva capacity as 


-8~ 


. ee 
dye Ps 


capscity and maximum impedance are indicated by the maximun per 

missible value of N (Fig. 4) and the mximm permissible ratio of 

2/2, (Fig. 3). These values are constant under all conditions, | 

the maximum permissible value of N being 13 and phe resi mum ise 
. missible ratio AO heing 9- , ; 


Using the, maximm permissible value of N or 13 the ex- 
pression Zp = 100 per cexb becomes Z = 100 or 7. ae ewes at 
WW cere fy of 


in terns of the grounding bank kvae 


eS oa Since Zp = 2'* % + Zo and 2y = bo, if 20/2, * 9, then 
= 20, ty = 20 “ana 2 wg tag oo or 2, = 21% 
2 es oe, 


Soe ee solving Zo in terms of 2p a a5 a . . in : 


fe “Zg * Wy or ee ' scat 
eae Gt : 
It follows that the sae dance of the mallest See ieas nib 
; Womeiae bank must be .818 x LS or 8.29608 ermersed. in terns 
of its own kva base. Pes TR tote — 
i er The kva capacity 4 of the fou Tisat Soreeritie grounding _ aes # : 4 
‘. bank at the substation under discussion can readily be determined << s Oee 
; ~ by the use of the ree nae boas given: aii easy Fy 


apes ae eh Wee Where Zin? 
aD sentae Geena e Z3, 


0 ; 
It has ee on determined that za +e Z5 at the erat 


ion is equal to .002%% expressed in “terms of the Bree bank oan 
cone (X). when the positive sequence Ampedance of the systen | (24). is 20 


ey fat the point at which the grounding bank is to be installed, ‘ex-. = 
ie pressed. in terms , of a beg? Ope kva base. dene 


Ie 2 ue 


: eres x pd Sue = aes , There fore 002% ae 


soe A af ties . - " : 


aa For general use the above equation can 


aos 


Where X is the kva of the smllest permissible ground! ng bank 
o . ‘ with an impedance of 4. 2960% 


~~, 


B is the kva base in terms of which the ‘supply systen 
dapace pore are expEOAbec. 


Z, is the Donitive sequence impedane of the supply 
pyeven, expressed in per cent of B 
To determine the ecaniset permissible kva capacity in any ; 
grounding bank, assuming that fault ourrent rather then load unbalance . 
is the controlling factor, it is only necessary to substitute the 
values of 2; and B in the above equation and solve for X. 


It follows from the above statements and eoneluaione that, 
. for the smallest permissible grounding bank capoity on any systen, 
' either the impedance of the grounding benk transformers mist be ~ 
6.29606 or the total neutral impedance (2,5) expressed in terms of °° 7 7. 
“sbhe grounding bank kva must be 6.29606. This statement is,: of 9.9%. ere 
““gourse, true only so long as the highest permissible loading shown +A 
+ 0m Curve B, Figs 4, and .the highest permissible voltage rise shoyn .-.... ae 
.on Fige 3 are used as the basis for cal oplatine the grounding bank 
papactey and impedance. 


‘ 


os “Use of Neutral Reactors 


Neutral reactors are frequently used in conjunction with 
grounding banks permitting the use of lower impedance transformers 
_ than would otherwise be possible. .To illustrate the method of cal- . 
culating the characteristios of a neutral reactor assume that 3.-. . | 
“5300. ieva 5 impedance transformers are available :for use in the 8 9 
“. 2% grounding bank at the substation already described. The total im- She, olay ete 
. pedance (2, + Z, + 2) necessary to limit the fault current. to 13 00" 
times the‘ grounding dank capa city has been determined to be 7.696% 
“expressed in terms of the grounding bank kva. JZ, + Zo has been de- 
termined to be .002K% expressed in terms of the grounding bank kvae. - Seg 
; otge te ay ‘+ ce, in terms of a Meee kve seni. At be gone 8 2002.2 x 200. os eS at 


Since to Bo ia 2 + ae 


rer eae se ar m7 76969 


> and a + ze = Legh . 
ainon 2, - Ts Eo a he ch 
“ 7 Zoe = “5 .8965%, ‘the: mindmen permissible zero se- 


“quence @ ) or neutral neon when using 3 ~ 300 kva trans ag x 
formers as.a grounding bank. age ser 


yeeips ath 
pies Sy ‘ . : {ice 


_— 


579 ohms. Reet et SHAE Fe tay pees ai a: a as ey 


. grounding bank capacity and impedance will serve: ‘equally well so 
long as their use does not violate the basic assumptions concerning ©.” 


rae 24, “1942 AEE EE nt ‘ 3 


~10~ 


Tho rated saro0 sequences Impedance of the transformers de- 
soribed is only 9 and in order to use them as a grounding bank a 
neutral reactor is required whioh has a zero sequence ewe of 


‘ 5.8969: - 5% or 08969% expressed to a 900 kva base. 


Reactors are usually rated ia eeacinioae load amperes 
and in short time load amperes. The reactors required in the case 
under discussion must have a contimous load ampere rating equal 
to or more than the neutral current during maximm unbalanced load. 
The maximum unbalanced load has already been determined +o be 900 
kva and the neutral current will be eat 1000 where En is the system 


phase to neutral voltage. if it is assumed that the system voltage 


is 13,200/7620 volts then the neutral reactor mst have a continuous - 


load ampere rating of not less than 118 amperes. The reactor must 

heave an impedance of .8969 expressed in terms of the grounding bank 

capacity of 900 kva, that is, the voltage drop across the reaotor. 

must be .008%9 x 7620 = 68.34 volts when the current value reaches 

118 emperees The Ampedance of the xeactor must then be 68.34 : or . 
; /i8 | 


Since the grounding tank load under maximum fault condi- 
tion is (N) or 13 times normal, the reactor mist have a short time 


‘rating (two seconds) of not less than 13 x 118 = 1534 amperese The 


voltage drop across the reactor under maximum fault will be 68.34 x . 
13 or 888 volts bs eaten tes the insulation level requitee in the .“: 


‘ reactor > 


q ‘ Conclusion 


The foregoing aincus sion and examples serve to shaw thet, 


: having made basic assumptions concerning the maximum permissible : 
‘loading on the grounding bank and the maximm permissible voltage ‘\ 


rise on the unfauited phases, the minimum kva capacity and maximum 
impedance of the grounding bank is readily obtained, needing only 
the positive sequence impedance (2,) of the supply system at the) 


“ point at which the grounding bank is to be installed. ‘The fore- 


going disoussion and examples also show that Many ‘combinations of 


maximum permissible transformer loading | and maximum permissible Pas 
ac ttece rise on the ete ted noes aa 
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